The present paper is concerned with modelling damage and fracture in notched woven fabric composites. Previous experimental work has shown that, under tensile loading, damage at a notch in a variety of GFRP and CFRP composites based on woven fabric reinforcement comprises matrix damage and fibre tow fracture along the plane of maximum stress. It is these experimental observations that inform the failure modelling developed here, in which a cohesive zone approach is used within a two-dimensional extended finite element method (XFEM) framework. The traction-separation parameters used in the XFEM implementation are based on previously reported experimental measurements for the strength and toughness of the woven fabric materials under investigation. The approach is shown to provide predictions of notched strength that are in very good agreement with experimental results from the literature for a range of GFRP and CFRP woven fabric systems and also agree well with results obtained from closed-form analytical models, which require calibration.
Introduction
Woven fabric based composite materials are an attractive option for a range of engineering applications. Although the mechanical properties are not as good as those of their non-woven counterparts, they still offer reasonable specific stiffness and strength with particularly good impact and energy absorption characteristics. Moreover they offer some economies and greater flexibility in processing options. A particular problem with woven composites (as with other composites) is their sensitivity to the presence of stress concentrations, such as those provided by an open hole and bolted joint. Unlike many structural metallic materials, composite materials in general lack the capability to deform plastically in the macroscopic sense and this means that failure at a stress raiser in a composite occurs in a relatively brittle fashion. Notwithstanding this, composite materials have the capability to sustain damage prior to fracture; this means that the notched strength is greater than would be expected simply on the basis of the elastic stress concentration factor. The damage mechanisms in notched woven composite plates differ from those in notched non-woven composite plate and this has implications for the modelling approach.
The failure of composite materials from a stress raiser, particularly an open hole, has been researched extensively over the years. Early closed-form models (of which the most well-known are perhaps the point and average stress criteria of Whitney and Nuismer, [1] ) have been followed by finite element based approaches of varying degrees of complexity. Some of the latter models treat the composite as a homogeneous material for the purpose of the stress analysis and then use laminate theory and two-dimensional in-plane failure models to simulate progressive damage at the ply level, followed by a degradation of the elastic properties to account for the stress redistribution before ultimate failure e.g. Chang and Chang [2] . Other models use a quasi-two dimensional approach, Kortshot et. al. [3] , or a full three dimensional analysis, e.g. Hallet et. al. [4] . These approaches represent the observed damage more realistically -in particular they incorporate through-thickness damage (delamination) in addition to in-plane damage. Kortshot et. al. [3] proposed a model for notched strength prediction which represents the effect of intra-ply damage (local unidirectional ply splitting) and inter-ply (associated delamination) cracking on the stress distribution near the notch tip in the longitudinal plies of notched cross-ply laminates and uses a statistical Weibull-based failure criterion in 2D model to predict the failure of the 0º plies and hence the notched strength. Hallet et. al. [4] modelled damage within a FE framework and used the approach to investigate the effect of a number of parameters (hole diameter, ply thickness and laminate thickness) on the strength of notched quasi-isotropic CFRP laminates subjected to tensile stress. Another class of failure model (discussed further below) is based on modelling macroscopic through-thickness crack growth from the notch, an approach which is perhaps not consistent with the observed failure mechanism in laminates based on unidirectional layers of reinforcement such as discussed above.
Many of the more widely-used approaches to predict notched strength are semi-empirical in nature and this limits their general applicability. In particular the sub-critical damage that develops at notches (and which needs to be represented in some way within any model) varies according to the details of the composite under investigation. Hence it is only through the use of physically based models that there is the possibility of a failure theory being applicable to more than one class of problem without extensive recalibration of the model. In a notched woven fabric GFRP composite subjected to tension, it has been shown experimentally using a model (transparent) GFRP system that prior to failure an intense zone of damage develops in the region of maximum tensile stress (Belmonte et. al [5] ). Damage within that zone comprises matrix cracking and splitting, but also fibre tow fracture. In that sense the damage resembles stable self-similar crack growth, suggesting that a fracture mechanics-based model is a physically reasonable one to use. A similar study was carried by Belmonte et al. [6] on woven quasi-isotropic and cross-ply CFRP. Although the opaque nature of the CFRP means that direct observations of damage are less straightforward, there was evidence of tow failure before specimen failure. Other valuable data concerning notched tensile strength of woven composites had been presented previously by Kim et al., [7] . More recent work by Zahari et al [8] has considered the notched compressive behaviour of woven GFRP.
The previous paragraph suggests that an appropriate failure model for notched woven fabric composites under tensile loading would consider the damage growth from the notch explicitly.
There are a number of essentially similar techniques that treat the problem in this way. A particular stress-displacement relation is assumed within the damage zone and the energy absorbed in separating the crack faces corresponds to the material toughness, Gc. One of the first models to adopt this method was that of Eriksson and Aronsson [9] who assumed a constant cohesive stress-displacement relationship within the damage zone. An approximate analytical version of this approach, a "critical damage growth" (CDG) model, was presented by Hitchen et. al [10] , building on earlier work by Soutis and Fleck [11] , and this was applied subsequently to woven composites [5, 6] . Afaghi-Khatibi et. al. [12] presented an "equivalent crack growth model" (ECGM) which assumed a linear decrease of cohesive stress with displacement in the damage zone, which they applied successfully to the data of Kim et al. [7] .
The present work explores further the applicability of this type of approach, which in the present paper is incorporated within an extended finite element (XFEM) formulation. A limitation of the previous studies is that the material parameters within the models have generally been calibrated against experimental data rather than determined independently. Here we use independent measurements of unnotched strength and toughness, where available, to develop numerical models for the experimental studies on woven fabric systems conducted by Kim et. al. using GFRP [7] and Belmonte et al. using GFRP [5] and CFRP [6] . In the next section details of the numerical procedure are provided. XFEM predictions are compared with experiment and other closed-form solutions in subsequent sections.
Finite Element Modelling

Notched Plate Geometry and Material Properties
The three experimental studies from the literature were modelled within a two -dimensional finite element framework using ABAQUS CAE Version 6.9.1 [15] . For all the models, the plate symmetry means that only half of the coupon needed to be modelled, Figure 1 , reducing computational cost and time during the processing stage. The first data set is taken from the extensive experimental work conducted by Kim et al. [7] using three types of woven fabric composite systems with various combinations of notch sizes, laminate width and volume fraction. All plates have a length (L) of 200 mm with varying widths (W) and a circular hole of diameter (d) 5 mm. Table 1 shows the geometry and material properties for all the woven fabric systems investigated experimentally by Kim et al. [7] that are being modelled in current paper. The elastic properties are required for the stress analysis while to implement the damage model the unnotched strength, σo and the fracture energy, Gc are also required. Independently measured values for the latter were not reported by Kim et al. [7] . Instead they derived their values from an analysis of the notched strength experimental data and this is the origin of the notch size dependent data (strength and fracture energy) seen in Table 1 , apparent in the glass-epoxy in particular. In the absence of independently measured properties, these fracture energy values are used in the current work as it enables comparison not only with the experimental data from [7] but also with the ECGM approach, which has been applied to the same data set [12] .
The second and third data sets were taken from the work of Belmonte et al. for woven GFRP laminates [5] and woven CFRP laminates [6] respectively. The plates were 130 mm gauge length Tables 2 and 3 . The GFRP systems comprised two stacking sequences of a four-layer quasi-isotropic composite [ Table 2 ]. The woven CFRP systems investigated were of two types (a plain weave and a five harness satin weave, two different lay-ups (cross-ply and quasi-isotropic) and three different plate thickness for each giving 12 systems in total [ Table 3 ]. In contrast with Kim et al. [7] , Belmonte et al. [5, 6] reported values of fracture energy that were measured independently for each lay-up using a single-edge-notch fracture mechanics specimens in accordance with ASTM E 399-90.
Implementation of Constitutive Law in FE Modelling
A typical plane stress mesh used in the FE modelling is shown in Figure 2 . The meshes are refined in the vicinity of notch edge, while away from the notch the mesh can be made coarser. Mesh refinement was investigated and is discussed in a later section (3.1). As indicated earlier, in the notched plate under increasing tensile load, damage is assumed to grow in a self-similar manner along the plane of net tension (reduced area). Hence only crack opening (mode 1) needs to be considered. In this work, two methods for modelling the damage have been used, namely XFEM and cohesive zone modelling (CZM). All of the data was modelled using XFEM and some of Tables 1-3 . Both damage models have been embedded within a mesh of 2D continuum elements having a linear elastic plane stress response. Both damage models are discussed briefly below.
In conventional FE modeling a discontinuity such as crack requires accurate modeling and hence mesh refinement. Further, crack propagation usually requires a pre-defined crack path allowing the propagation of cracks along element boundaries. XFEM, which is an extension to conventional FE methods, is based on an enrichment function that allows a displacement jump between crack faces to occur during crack propagation. Crack path and crack location are not required to be specified a priori and the elements effectively split to allow arbitrary crack propagation. The response at this split is defined by the traction-separation response discussed above.
Damage initiation and propagation is simulated at regions experiencing principal stresses greater than corresponding values specified in traction-separation law and always take place orthogonally to the maximum principal stresses. Damage initiation is triggered when the maximum principal stress reaches the critical traction. Damage evolution is controlled by a damage parameter (D) which is determined from the current separation and the release separation (determined from and ) Fracture makes the structural response non-linear and numerical methods can experience difficulty converging to a solution. Viscous regularization (a form of damping) has been used to facilitate convergence and a parametric study was undertaken to determine the optimum value (small enough not to influence the solution values but large enough to allow convergence to be obtained) The XFEM region (i.e. the region capable of sustaining damage) was assigned to a band of the model adjacent to the notch edge (see Figure 2) . Four-noded two-dimensional plane stress elements (CPS4) were used as the current implementation of XFEM only worked in conjunction with 1 st order elements.
Unlike XFEM, cohesive zone modelling (CZM) requires that the failure path is specified beforehand and seeded with cohesive elements [13] . As already discussed, the method of modelling the damage in the CZM is the same as in the XFEM approach (a traction-separation response). The cohesive zone elements were located along the net-section plane. The elements are required to be thin (0.01 mm was used in the current work) and were assigned a high initial stiffness. Cohesive elements (COH2D4) were used within cohesive zone region and 8-noded quadratic plane stress elements (CPS8) were used in un-cracked region. Along common interfaces the elements were connected using a tie constraint.
Comparison of Strength Prediction with Experimental Data and Other
Models.
Woven Composite systems tested by Kim et al. [7]
Comparison between XFEM results and experimental data for the notched woven laminates reported by Kim et al. [7] are shown in Figure 4 . In general the agreement is good with discrepancies no more than 20% (and generally much less than this) for any system/notch size. In all cases apart from the 30 mm wide glass polyester samples, the XFEM approach underestimates the experimental strength. A slightly larger error overall is observed for the glass-polyester composites than the other systems, but no particular significance is attached to this, especially given the uncertainty regarding the toughness values. Figure 5 compares the XFEM results to ECGM approach adopted by Afaghi-Khatibi et al. [12] . The agreement between the ECGM results and XFEM is very good, not unexpectedly as both represent fracture mechanics formulations of the problem, and this provides validation for the XFEM formulation used here.
Typical load-displacement plots from the XFEM modelling are shown in Figure 6 , giving results from 10 mm wide glass/epoxy lay-up plates with hole diameter of 0.4 mm and close-up view damage plots at specific locations in the graph were illustrated in Figure 7 . Due to large stress concentration at the vicinity of hole as tension load is applied, the onset of damage will be initiated at the hole edge as expected. After initiation, the crack was still able to carry increased load until it reached about one hole diameter in length which point ultimate failure occurred. It would appear that the length of the process zone is critical in determining ultimate failure. This process continued until the plate separated completely associated with catastrophic failure after maximum load been achieved. Two types of parametric studies were carried out to determine the sensitivity of the strength prediction to key model parameters (10 mm wide glass/epoxy with 0.4 mm hole diameter was chosen for this purpose). The first study was to determine an acceptable viscous regularisation value to use to ensure the strength prediction results were independence from the viscosity constant.
It was found that it was difficult to obtain converged solutions if the viscosity was too small, however, as can be seen, large viscosity values gave excessive and non-physical results. From Figure 8 , a viscosity of 0.0001 is sufficient as lower values produce similar results. The second study assessed mesh sensitivity and the results are shown in Figure 9 . The number of elements refers to the region surrounding the hole, the mesh surrounding the hole was refined in a radial direction. It can be seen that there is no significant mesh sensitivity; indeed one of the basic features of XFEM formulation is that a high level of mesh refinement at the crack tip is not required [14] .
Quasi-isotropic Woven GFRP tested by Belmonte et al. [5]
As expected, all of the models showed failure along the net-tension plane, which is within the enriched XFEM region specified in the model. The XFEM predicted notched strengths are compared with experimental data, CZM predictions and various analytical approaches [5] in Figure   10 . Typical load-displacement plot is given in Figure 11 , with associated enclosed view at crack initiation and propagation point displayed in Figure has a lower strength and/or toughness -a lower toughness would be consistent with the surface 90 º layers restricting the extent of 0º ply splitting, which seems plausible.
Cross-ply and Quasi-isotropic woven CFRP tested by Belmonte et al. [6]
The results for the cross-ply and quasi isotropic woven CFRP composite systems with different notch sizes are presented in a similar way in Figure 13 . Both CZM and XFEM modelling of failure initiation and propagation in woven CFRP exhibited similar trends as shown in woven GFRP.
Overall agreement is very good, within 10% for most systems (the range of error is 0.09% -19.41%). Similar size errors were found in large width (40 mm) and small width (25 mm)
specimens. In almost all cases the XFEM tends to underestimate the experimental strength, with a higher discrepancy for the cross-ply systems than the quasi-isotropic systems. The underestimation may be a result of the simplifying assumptions within the constitutive law. For instance the tow fractures tend to follow the crimp regions and this means that the assumption of self-similar crack growth is not entirely realistic.
As with the GFRP results, the PSC and ASC (the Whitney-Nuismer failure criteria) give the best predictions compared to other approaches for the hole sizes of 10 mm or less, over which range they were calibrated against the experimental data. As a result the PSC and ASC predictions are less good for the larger hole size of 20 mm where the same characteristic distance values were used.
Overall the numerical results obtained here using XFEM show better prediction than the critical damage growth (CDG) model implemented by Belmonte et. al [6] , especially for the cross-ply systems. The CDG model was formulated based on an isotropic analysis, which could only be corrected partially for the orthotropic cross-ply systems and so the discrepancies are perhaps not surprising.
Concluding Remarks
2-D modelling of notched woven GFRP and CFRP composites plates has been implemented within an FE framework. XFEM and CZM approaches gave very reasonable agreement with the experimental data for all the systems investigated. There was also good agreement with a range of other modelling approaches. The advantages of the XFEM/CZM approach used in the present work are that, unlike the other approaches, it is physically based (and consistent with experimental observations of damage and fracture) and that it may be implemented using independently measured material properties. In turn this offers the prospect that the approach may be applicable to failure in other classes of problem (e.g., net-tension failure at a bolted joint) without extensive recalibration of the model. 
